A bifurcated fiber-optic sensor for Zn2+, Cd2+ and Ga3+ ions was fabricated. Chitosan modified with 5-formyl-3-hydroxy-4-hydroxymethyl-2-methylpyridine was immobilized on an agarose gel and used as a fluorogenic probe. The reproducibility of the response to Zn2+ was within 5% in eight successive measurements at 5.0X10-5 M (1 M=1 mol dm-3). A linear relationship with a correlation coefficient of 0.994 was obtained in the Zn2+ concentration range of 0 -2.0X105 M, and the detection limit was 1.0X106 M (S/ N=3). Cd2+ and Ga3+ ions were also detected, though with sensitivities somewhat lower than that for Zn2+.
Chitosan, an aminopolysaccharide, has a high metalchelating ability.l This ability is enhanced by a chemical modification of the amino group. For example, the Cu2+ adsorption capacity of a Schiff-base derivative with salicylaldehyde is 5-times higher than that of chitosan itself.2 On the other hand, metal complexes of many aromatic Schiff bases are known to emit fluorescence. Determinations of Zn2+,3 A13+,4,5 Mgt+,6 Ga3+,' and Be2+ s using this phenomenon have been investigated, and some of these metal ions have been determined in practical samples such as blood plasma6, alloys7'8 and human urine' with high sensitivities and selectivities. These prompted us to employ an aromatic Schiff-base derivative of chitosan in fluorometric analyses of these metal ions.
Recently, many types of fiber-optic sensors for metal ions have been developed: for example, A13+ has been determined by the use of morin immobilized on a biomembrane from mutton muscle9 or on a cellulose powder10 as a fluorogenic reagent. The advantages of fiber-optic sensors include a feasible avoidance of electrical interference and ready miniaturization.
In the present paper, we report on a fiber-optic fluorosensor having a Schiff-base polymer derived from chitosan and a pyridoxal (4-formyl-3-hydroxy-5-hydroxymethyl-2-methylpyridine) isomer, 5-formyl-3-hydroxy-4-hydroxymethyl-2-methylpyridine (FHMP), as a sensing element. This sensor responded with a high sensitivity to Zn2+, which has not yet been determined with a fiber-optic sensor, to our knowledge; it detected Cd2+ and Ga3+ with sensitivities somewhat lower than that for Zn2+. 
Modification of chitosan
A suspension of chitosan (300 mg) in DMF (18.8 cm3) was first allowed to react with 4-(benzyloxycarbonylamino)butanoic acid (CBZ-NH(CH2)3000H, 2.21 g) in the presence of N,N'-dicyclohexylcarbodiimide (DCC) (1.92 g) for 24 h at 40° C, as shown in Scheme 1. A white powder was removed by repeated washing with methanol to give a slightly yellow gel (537 mg). A portion of the gel (199 mg) was suspended in acetic acid (1.5 cm3) and then treated with 2.8 M of HBr for 15 h at 30°C to give a homogeneous solution. A gel of N-(4-aminobutyryl)-chitosan was deposited by adding 20 cm3 of acetone to the solution. After being centrifuged, this gel was dissolved in an aqueous alkali (pH=8.5) and mixed with a dioxane solution containing 1V (bromoacetoxy)succinimide12 prepared from N hydroxysuccinimide (1.83 g/ 20 cm3), bromoacetic acid (1.82 g/ 10 cm3) and DCC (3 g/ 10 cm3). The solution was kept at 4° C for 24 h with stirring to give a white gel. The gel was centrifuged, washed with dioxane and then suspended in 1.5 cm3 of DMSO. To the suspension was added a DMSO solution of the hydrochloride salt of FHMP (164 mg/ 2.0 cm3) prepared by a three-step synthesis13 starting from pyridoxine hydrochloride (3-hydroxy-4,5-dihydroxymethyl-2-methylpyridinium hydrochloride). After the suspension had been stirred for 24 h at 50° C in the dark, a white gel was precipitated upon adding 35 cm3 of acetone to the reaction mixture. The FHMP-modified chitosan (FHMP-C) gel, thus obtained, was centrifuged, washed with acetone and dried under vacuum: yield 51. 
Apparatus and procedure
The fiber-optic sensor system was as described previously14, except for the sensor probe, which was prepared by instantaneously dipping the tip of the bifurcated fiber-optic sensor in a hot aqueous agarose solution (15 mg/0.7 cm3) containing FHMP-C (2 mg). Agarose was chosen for its ease of preparing a transparent membrane and its strong affinity for FHMP-C. The thickness of the agarose gel was ca. 0.5 mm and the probe was stored in water. An interference filter (Toshiba UV-D36A) and a cut-off glass filter (Toshiba Y-39) were used as the excitation and emission filters, respectively.
Ten milliliters of aqueous methanol were magnetically stirred in a light-tight batchwise cell at room temperature. After the intensity of a background fluorescence from the probe had become constant, a metal ion was added to the methanol using a microsyringe. For repeated runs, aqueous EDTA•2Na was injected in order to remove any metal ion from the probe; the sample solution was then replaced by newly prepared aqueous methanol.
The IR spectra were measured on a Hitachi 270-50 spectrometer. The 1H-NMR spectra were recorded using a Hitachi R-24B spectrometer in DMSO-d6 with tetramethylsilane used as an internal standard. The fluorescence spectra were obtained on a Shimadzu RF-510 spectrophotometer, and were uncorrected. Results and Discussion Figure 1 shows that the fluorescence intensity of FHMP-C in methanol was increased by the addition of Zn2+. This phenomenon is possibly due to the formation of Schiff bases in FHMP-C (described in the Experimental section), as supported by the fact that the fluorescence intensity of FHMP•HC1 remained unchanged upon the addition of Zn2+. Thus, the fluorescence change was available for the determination of Zn2+ with a fiber-optic sensor, which uses immobilized FHMP-C as a fluorogenic reagent in the probe element.
A typical response is shown in Fig. 2 . When Zn2+ was added to the cell, the fluorescence intensity increased and gave a constant value within about 15 min. The intensity decreased within 1 min by the addition of aqueous EDTA•2Na.
The response increased upon increasing the methanol content (Fig. 3) . This result may be attributed to a more favorable Schiff-base formation in methanol than in water. The lifetime of the sensor, however, was poor in 100% methanol because the agarose gel became opaque. The reproducibility in 80% methanol was within 5% in eight successive measurements for 5.0X10-5 M of Zn2+, and the response was 90% of its initial value even after the cycle was repeated 40 times during one week. Figure 4 shows the calibration curves for Zn2+, Cd2+
and Ga3+. The sensor exhibited high sensitivity to Zn2+; a linear relationship with a correlation coefficient of 0.994 was obtained at Zn2+ concentrations in a range of 0 -2.OX 10-5 M, as shown in the inset; the detection limit was l .OX 10-6 M (S/ N 3). The responses to Cd2+ and Ga3+ were somewhat lower than to Zn2+. No further search was made concerning conditions in which these two ions can be detected more sensitively. Although A13+ was also detected, the response at 1X10-3 M was half that of Ga3+. A negligibly weak response was observed to Mg2+ of 1X103 -M. This was probably due to the small formation constant of the metal complex. 15 No increase in the fluorescence intensity was observed in the presence of 1X103 -M Cu2+ or Nitt The lack of a response to transition metals with unfilled d-shells is attributed to the presence of nonradiative processes from the intraligand lt-lt* singlet state to a d-d or a charge-transfer excited state, as previously reported. 16 The above-mentioned strong fluorescence from Zn(II) chelates of pyridoxal/ amino sugars Schiff bases has been suggested to be due to the participation of the hydroxyl groups adjacent to the amino groups during chelate formation.11 Thus, it seems likely that the hydroxyl groups on the chitosan skeleton of FHMP-C enhanced, at least, the response to Zn2+. In fact, the fluorescence intensity of the FHMP-C/ Zn(II) chelate in methanol was about four-times higher than that of the Zn(II) chelate of the Schiff base derived from FHMP and valine.
